Vigna nodules had elevated amounts of the enzyme. The nodule cytosol of both species contained assimilatory NR (EC 1.6.6.1). Both symbioses showed a CzHz-induced decline in Nzase activity, the extent of which remained constant with NO~ exposure for Phaseolus but became greater for Vigna. Nitrate application for 3 d reduced maximum (pre-decline) rates of C2H2-reduction activity by 83% and 36% in Phaseolus and Vigna, respectively. Nitrogenase-linked respiration (NLR) closely paralleled Nzase activity as the carbon costs of N2ase were not significantly altered by NO~. The relationship between NLR and increases in external 02 concentration from 21 to 60% was used to characterize the oxygen diffusion resistance (R) of nodules from both species. In absolute terms the minimum R of Phaseolus nodules increased with NO3, whereas the ability to adjust this R in response to O2 was lost after 2 d. For Vigna nodules the increase in minimum R was much smaller and the adjustment ability was retained for the 3-d period of NO~ exposure. Bacteroids of Vigna and the cytosol of both species contained NR prior to NO~ exposure, and activities increased 1.5-to 2-fold during the treatment period. Despite this, NO2 was not detected in nodules of Phaseolus, and showed only a very small accumu-* To whom correspondence should be addressed Abbreviations: N2ase=nitrogenase; NLR=nitrogenase-linked respiration; NR(A)=nitrate-reductase (activity); R=oxygen diffusion resistance lation in the cytosol of Vigna nodules. It is proposed that nodules have a two-stage response to applied NO3-. In the first stage NO~ is restricted to the nodule cortex and causes a reversible increase in R. In the second stage NO~-may enter the infected region and toxic amounts of NO 2 can be generated in nodules having high bacteroid andor cytosol NR activities. This NO; can irreversibly damage the nodules and accelerate their senescence.
Introduction
In the preceding paper we have demonstrated that toxic amounts of NO 2 do not accumulate in nodules following short-term (3 d) exposure to NO~. This is attributed to the exclusion of NO3 from the infected zone Giannakis et al. 1988; , where, in most cases, bacteroidal nitrate reductase (NR) constitutes the major potential source of NO2 production (e.g. Becana and Sprent 1987; . If, in the short-term, neither NO~ nor its reduction products reach the bacteroids, then it follows that: (i) the NO~-induced decline of nitrogenase (Nzase) is independent of bacteroid nitrate-reductase activity (NRA); and (ii) NO 3 must exert its initial detrimental effect at the level of the nodule cortex or the host plant.
Recent experiments by various authors (Minchin et al. 1986a; Carroll et al. 1987; Schuller et al. 1988 ; Vessey et al. 1988 a) have indicated that NO~ may interfere with O2 availability to bacteroids by increasing the resistance of an O2-diffusion barrier situated within the nodule cortex. However, these studies have not involved concomitant examination of NO 3 metabolism in nodules, despite the following interesting observations: (i) the levels of NR in isolated bacteroids are regulated by 02 (Daniel and Gray 1976; O'Hara et al. 1983; Ohyama and Kumazawa 1987) ; (ii) bacteroid NRA increases in plants subjected to water stress, a situation resulting in enhancement of anaerobiosis inside the nodules (see Becana et al. 1986 and references therein); and (iii) NO 2 accumulation in nodules is alleviated by increasing the external 02 concentration (Heckmann and Drevon 1987) .
Therefore, the two main objectives of the present study were to determine if (i) oxygen limitation is responsible for the inhibition of Nzase activity following short-term NO 3 supply to plants, and (ii) oxygen concentration affects nodule NO 3 metabolism in-vivo. We have performed experiments in which N2ase activity has been monitored during 3 d of NO3 exposure, along with parameters related to 02 diffusion and NO 3 metabolism in nodules. Two legume species (Phaseolus vulgaris and Vigna radiata) were chosen for comparison. The bacteroids of the P. vulgaris symbiosis were devoid of NR whilst a high constitutive level of the enzyme was present in those of the V. radiata symbiosis ).
Material and methods
Biological material. Rhizobium leguminosarum var. phaseoli strain 3622 (Welsh Plant Breeding Station, UK) and Bradyrhizobium sp. strain BR7301 (EMBRAPA, Rio de Janeiro, Brazil) were used to form nodules on roots of Phaseolus vulgaris L. cv. Canadian Wonder and Vigna radiata (L.) Wilczek, respectively. Seeds were purchased locally.
Bacteria and plant culture. Growth conditions for bacteria and plants were those given elsewhere (Becana and Salin 1989; , except that plants were grown in a controlledenvironment cabinet set at 25/20 ~ C, 70/60% relative humidity, 15-h daylength and 600 gmol. m-2. s 1 (photosynthetically active radiation).
Nitrogenase activity and nodulated-root respiration. Measurements of N2 fixation and root respiration were made using a flow-through gas system ) housed in a Fison cabinet. Root systems were sealed into the growth pots, allowed to stabilise for 18-21 h in a gas stream of air enriched to 500 gl.l-1 CO2, then exposed to a gas stream containing 10% (v/v) C2H2 and 21% (v/v) O2. Maximum rates of Nease activity per plant were determined from the maximum rate of C2H4 production prior to the C2Hz-induced decline (Minehin et al. 1986b ). Respiratory CO2 production was measured by infra-red gas analysis, and C2H4 production was measured using gas chromatography.
The carbon costs of Nzase activity (tool COz-(mol C2H4) 1) were determined from the slope of the linear relationship between nodulated-root respiration and C2Hz reduction . The intercept of the regression line provided a measure of the growth and maintenance respiration of the nodulated root system. Substracting this "background" respiration from total root respiration gave the nitrogenase-linked respiration (NLR).
Characterization of the oxygen-diffusion barrier. Following a 60-min exposure to CzH2 in 21% 02, the 02 concentration in the gas stream was increased to 60% in steps of 10%. Following each increase in 02 concentration, there was a 25-to 30-min equilibration period to allow new steady-state conditions to be reached. The estimated oxygen-diffusion resistance (R) of nodules was characterized by weighted-mean linear regressions of double reciprocal plots between NLR and external Oz concentration (Minchin et al. 1985) . The NLR was expressed as Oz consumption per m a nodule surface area, assuming a respiratory quotient = 1. The largest measured variation from RQ = 1, due to exposure to C2H2 and increased external Oz, is 22% (personal communication, J.F. Witty, Welsh Plant Breeding Station, Aberystwyth, UK). Volumes of known numbers of nodules were estimated by displacement of water and used to calculate the mean surface area of an individual nodule using the assumptions of Sheehy et al. (1983) . This area was then multiplied by nodule number per plant to produce the approximate surface area of the nodule population.
Comparative estimates of R were also made from values of NLR per unit of nodule surface area by assuming that the O2 concentration within the bacteroid zone is not significantly greater than zero. This allows for the simplification of Fick's law to R=external 02 concentration/NLR. To account for a water-filled component of the diffusion pathway, R-values would have to be multiplied by a solubility factor of 0.0307.
Nitrate-reductase activities and nitrite contents. Isolation of bacteroids and nodule cytosol, and determination of enzymatic activities were as described earlier (Becana et al. 1988) . Protein was quantified according to Bradford (1976) . Nitrite concentrations in nodules were determined following the method explained in a companion paper ).
Results and discussion
For time-course studies of 02 diffusion and NO~-metabolism in nodules, two species (P. vulgaris and V. radiata) were chosen, based on the sharp contrast in NRA of their bacteroids. Growth parameters of plants used for this experiment are displayed in Table 1 . The species were comparable with regard to shoot and root dry weights (DWs), but Vigna nodules had a lower DW. Nodule number of Phaseolus was substantially greater than that of Vigna, indicating an extreme infectivity of Rhizobium legurninosarum var. phaseoli strain 3622 with the cultivar Canadian Wonder. Thus, although individual nodules of Vigna were heavier and more voluminous, the total surface area of nodules per plant was double in Phaseolus (Table 1).
Values of maximum (pre-decline) C2H2 reduction, determined for intact plants in open, flowthrough gas systems, provide the closest representation of actual rates of N2ase activity (Minchin (Table 2) . Thus, there is no direct evidence from those studies that NO~ induces a substantial 02 limitation in nodules. However, other studies with soybean have shown substantial increases in maximum rates of Nzase activity with increases in external 02 concentrations and these have been interpreted as a NO~-induced 02 limitation in nodules (Carroll et al. 1987; Vessey et al. 1988a ). The effect of raising external 02 concentration on N2ase activity provides an indication of O2 limitation during stresses such as extended darkness and plant disturbance, which involve a "simple" increase of R (Minchin et al. 1985 (Minchin et al. , 1986b ), but may not be a reliable diagnostic procedure for stresses such as NO 3 application, where the diffusion barrier may undergo morphological changes (Minchin et al. 1986a ). The response of total root respiration to C2Hz was much less marked than that of Nzase (Fig. 2) because of the "background" respiration associated with the growth and maintenance of roots and nodules. This increased with time under NO3, presumably due to NO 3 uptake and-or reduction by the roots plus any NO3-induced increase in root (Table 3 ). The decrease in NLR due to NO~ was much smaller in Vigna, so that total root respiration increased whereas in Phaseolus it decreased (Fig. 2) . Carbon costs of N2ase were calculated from the linear regressions of C2Hr against CO2. In both Phaseolus and Vigna there was no apparent change during the 3-d NO3 feed, suggesting that there was no N2ase damage (Table 3) . In both species, Nzase activity increased with percent 02, but for Phaseolus values remained constant between 50 and 60% O2 for days 2 and 3 (Fig. 3) . The NLR versus percent O2 data have been used to characterize R into the minimum diffusion resistance (Rmin) and the adjustment to this in response to O2 (RA) (see Minchin et al. 1985 for details). Also, the NLR values for time 0 (Table 3) were used to calculate R values prior to vulgar& and V. radiata plants following exposure to 10 mM NO~ for 0-3 d " A a= % increase of R21 due to C2H 2 = [(R21-R21min.~)/R2~i..~] x 100 b A n = % increase of R21 and R21mi.. ~ due to NO~ (days 0-3)= [(Raa Rdo)/Rao] x 100 Table 5 . Time-course variation of NRAs of bacteroids and nodule cytosol from P. vulgaris (P) and V. radiata (V) plants following exposure to 10 mM NO~. Data are means (n=4-6). Statistical analysis as in Table 4 Days Nitrogen-reductase activity exposure to NO~-nmol NOZ. lus nodules consistently increased with exposure to NO~, whereas the ability to adjust in response to 21% Oz (RA20 decreased (Table 4) . From day 0 to day 2, the effect of C2H2 was to double the total resistance (R2tminu s versus R2a), thus at day 2 the 02 diffusion barrier was still responsive to C2H2 but not to subsequent changes in % 02. For day 3 the calculated 34% increase in R21 in response to C2H2 (Table 4) is too small to account for the measured 45% decline in N2ase activity (Table 2 ). This probably reflects the limitations of dealing with very small values of N2ase activity and NLRs. In any case, Table 4 shows that a substantial NO~-induced increase in the R of Phaseolus nodules can be detected in the absence of Call2 (R2 lminus).
For Vigna there were some important differences in the response of the 02 diffusion barrier to NO3. Firstly, the Rmin value at day 0 was much lower than for Phaseolus, and the increase due to NO~ was much smaller; secondly, the resistance adjustment ability (RAzl) was maintained under NO~ (Table 4 ). The daily variation in RA21 values may represent some type of "fine tuning" of the diffusion barrier. The C2H2 response adds a further complication to these data as the sensitivity of Vigna to C2H2 increases with exposure to NO~. Thus, the effect of NO~ on the total diffusion resistance was apparently greater when measured in the presence of C2H2 (R21) compared to measurements made prior to exposure to C2H2 (R21minus). Indeed, changes in R2aminu s may be within the limits of errors associated with the estimation of R values (see Material and methods).
Nevertheless, the NO~-induced increase in the R2xmin,s-value of Vigna nodules was much smaller than that measured in Trifolium (Minchin et al. 1986a) , Glycine (Schuller et al. 1988) or Phaseolus (this report). Nitrate-reductase activity was detectable in the Becana and Sprent 1987; Becana et al. 1988 ).
Conclusions
It can now be envisaged that the response of legume nodules to NO 3 is more sophisticated than previously supposed, and consists of two stages :
(1) Initially, NO;-is normally prevented from entering the bacteroid zone Giannakis et al. 1988) and is restricted to the nodule cortex. At the same time, the nodule R increases, restricting 02 access to the bacteroids and reducing N2ase activity. Whether this increase in R is induced by alterations in photosynthate partitioning to nodules (Vessey et al. 1988b) or an osmotic response to NO;- ) is still open to debate. In either case, there would be no destruction of N2ase in the short-term (Bisseling etal. 1978; Houwaard 1980; Noel etal. 1982; Schuller et al. 1986) , and, if NO;-were removed, the re-introduction of N2 fixation could occur with little cost to the host plant. This stage corresponds to NO~--metabolism situations (1) and (2) proposed by .
(2) If exposure continues for several days andor occurs at a very high level [situations (3) and (4) of , NO 3 enters the bacteroid zone resulting in the accumulation of significant amounts of NO2. This is produced by NR which is induced in the bacteroids and-or cytosol during stage 1 (Table 5) coupled to the inefficiency of nodule nitrite reductase (see ). The result is the hastening of the senescence process, possibly mediated by the NO~-induced damage of N2ase and-or leghaemoglobin (Becana and Sprent 1987) . During this stage of advanced nodule senescence, a return to dependence on Nz fixation would require a substantial input by the host plant into the regeneration of existing nodules or the production of new ones. It is possible that in nodules lacking bacteroid NR the activity of cytosolic NR within the infected zone remains too low to produce toxic levels of NO 2 . In these circumstances the nodules would not enter into a stage of rapid senescence.
Why NO~-should eventually enter the infected region of the nodules must remain a matter of speculation. It could reflect a slow deterioration of the nodule cortex during stage 1 due to a reduced input of carbohydrates as a consequence of the lowered respiration rate of the bacteroid zone. Alternatively, the exclusion of NO;-may be an active process which would be diminished by a reduction in carbohydrate input. At the same time the cytosol of the infected region may also be deteriorating, as evidenced by the NO;--induced degradation of cytosolic proteins , which may involve a stimulation of proteolytic activity in the cytosol (Becana et al. 1986 ) possibly related to a decrease in cytoplasmic pH (Pladys et al. 1988) .
If entry of NO;-into the bacteroid zone is a reflection of nodule deterioration then it follows that the duration of stage I will depend on nodule health (i.e. integrity and functioning of the cortex) at the time of exposure and the concentration of NO~ within the cortex. Differences in these factors could account for many of the variations in published results.
